Electron transfer from the Rieske iron-sulfur protein to cytochrome c 1 (cyt c 1 ) in the Rhodobacter sphaeroides cytochrome bc 1 complex was studied using a ruthenium dimer complex, Ru 2 D. Laser flash photolysis of a solution containing reduced cyt bc 1 , Ru 2 D, and a sacrificial electron acceptor results in oxidation of cyt c 1 within 1 s, followed by electron transfer from the iron-sulfur center (2Fe-2S) to cyt c 1 with a rate constant of 80,000 s ؊1 . Experiments were carried out to evaluate whether the reaction was rate-limited by true electron transfer, proton gating, or conformational gating. The temperature dependence of the reaction yielded an enthalpy of activation of ؉17.6 kJ/mol, which is consistent with either rate-limiting conformational gating or electron transfer. The rate constant was nearly independent of pH over the range pH 7 to 9.5 where the redox potential of 2Fe-2S decreases significantly due to deprotonation of His-161. The rate constant was also not greatly affected by the Rieske iron-sulfur protein mutations Y156W, S154A, or S154A/Y156F, which decrease the redox potential of 2Fe-2S by 62, 109, and 159 mV, respectively. It is concluded that the electron transfer reaction from 2Fe-2S to cyt c 1 is controlled by conformational gating.
The cytochrome bc 1 complex (ubiquinol:cytochrome c oxidoreductase) is an integral membrane protein in the energyconserving electron transport chains of mitochondria and many respiratory and photosynthetic prokaryotes (1) . The complex contains the Rieske iron-sulfur protein, cyt 1 c 1 , and two b-type hemes (b L and b H ) in the cyt b subunit (1, 2) . In the Q-cycle mechanism, the complex translocates four protons to the positive side of the membrane per two electrons transferred from ubiquinol to cyt c (2) . In a key bifurcated reaction at the Q o site, the first electron is transferred from ubiquinol to the Rieske iron-sulfur center (2Fe-2S) and then to cyt c 1 and cyt c (1) (2) (3) . The second electron is transferred from semiquinone in the Q o site to cyt b L and then to cyt b H and ubiquinone in the Q i site. Extensive x-ray crystallographic studies of cyt bc 1 have revealed that the Rieske iron-sulfur protein occurs in several different conformations depending on the crystal form and the presence of Q o site inhibitors ( Fig. 1 ) (4 -6) . In native I4 1 22 bovine crystals an anomalous signal for 2Fe-2S is found close to cyt b L , but its intensity is small, suggesting that the Rieske iron-sulfur protein is conformationally mobile (4, 7) . Addition of the Q o inhibitors UHDBT or stigmatellin significantly increased the intensity of 2Fe-2S, indicating that the Rieske iron-sulfur protein was immobilized with 2Fe-2S near the surface of cyt b L (7) . In both chicken and yeast cyt bc 1 crystals, grown in the presence of stigmatellin, the Rieske iron-sulfur protein is in a conformation with 2Fe-2S proximal to the cyt b L heme, called the b state (5, 8) . However, in native chicken or beef P6 5 22 crystals, the Rieske iron-sulfur protein is in a conformation with 2Fe-2S close to cyt c 1 , called the c 1 state (Fig. 1 ) (5, 6 ). An intermediate conformation of the Rieske iron-sulfur protein was found in P6 5 crystals of the bovine complex (6) . These structural studies have suggested a novel shuttle mechanism for the Rieske iron-sulfur protein during electron transfer. It has been proposed that the Rieske iron-sulfur protein changes conformation from the b state, where oxidized 2Fe-2S accepts an electron from ubiquinol in the Q o site, to the c 1 state where reduced 2Fe-2S transfers an electron to cyt c 1 (4 -7) . This mobile shuttle mechanism has been supported experimentally by the finding that cross-linking the Rieske iron-sulfur domain to the cyt b subunit inhibited steady-state electron transfer (9) and by studies involving mutations, which alter the conformation or flexibility of the neck domain of the Rieske iron-sulfur protein (10 -18) .
A complete understanding of the mobile shuttle mechanism requires determination of the dynamics of conformational changes in the Rieske iron-sulfur protein and the rate constants for electron transfer from quinol to 2Fe-2S and from 2Fe-2S to cyt c 1 . However, the rate constant for electron transfer between 2Fe-2S and cyt c 1 is too fast to be measured by conventional techniques. Flash photolysis experiments in Rhodobacter sphaeroides chromatophores established that the rate constant was much larger than 5000 s Ϫ1 , the rate of diffusion of photooxidized cyt c 2 from the reaction center to cyt bc 1 (19, 20) . We have recently introduced a new method to study electron transfer between 2Fe-2S and cyt c 1 that utilizes a ruthenium complex, Ru 2 D, to directly add or remove an electron from cyt c 1 within 1 s (11). The net charge of ϩ4 on Ru 2 D allows it to bind with high affinity to the negatively charged domain on cyt c 1 . Laser flash photolysis of Ru 2 D generates the metal-to-ligand excited state, which rapidly reduces or oxidizes cyt c 1 in the presence of appropriate sacrificial electron donors or acceptors (11) . The rate constant for electron transfer from 2Fe-2S to cyt c 1 was found to be 80,000 s Ϫ1 in R. sphaeroides cyt bc 1 and 16,000 s Ϫ1 in bovine cyt bc 1 (11) . In the present report, we further characterize the electron transfer reaction between 2Fe-2S and cyt c 1 in R. sphaeroides cyt bc 1 . Experiments were carried out to evaluate whether the reaction is rate-limited by true electron transfer, proton gating, or conformational gating. The temperature dependence of the reaction is consistent with either a mechanism involving ratelimiting electron transfer according to Marcus theory or a mechanism involving rate-limiting conformational gating. The rate constant was nearly independent of pH over the range pH 7 to 9.5 where the redox potential of 2Fe-2S decreases significantly due to deprotonation of His-161. This result indicates that the reaction is not rate-limited by proton gating. The rate constant was also not greatly affected by the Rieske iron-sulfur protein mutations Y156W, S154A, or S154A/Y156F, which decrease the redox potential of 2Fe-2S by 62, 109, and 159 mV, respectively. These results indicate that the reaction is not rate-limited by electron transfer, because Marcus theory predicts that the increase in the driving force of the reaction for these mutants would increase the rate constant by up to 15-fold. It is concluded that conformational gating controls electron transfer between the Rieske iron-sulfur protein and cyt c 1 .
EXPERIMENTAL PROCEDURES
Materials-Ru 2 D was prepared by a modification of the method of Downard et al. (21) . Cytochrome c (horse heart, Type III) was purchased from Sigma Chemical Co. N-Dodecyl-␤-D-maltoside and N-octyl-␤-D-glucoside were from Anatrace. 2,3-Dimethoxy-5-methyl-6-geranyl-1,4-benzoquinol (Q 2 H 2 ) was prepared as previously reported (22) . Succinate cytochrome c reductase (SCR) was purified as previously described (23) . Antimycin A, succinate, TMPD, and p-benzoquinone were obtained from Sigma; stigmatellin was purchased from Fluka; and [Co(NH 3 ) 5 Cl] 2ϩ was synthesized (24) . Generation and Expression of R. sphaeroides Cyt bc 1 Complexes with Substitutions on ISP-Mutations were constructed by site-directed mutagenesis using the Altered Sites system from Promega. Singlestranded pSELNB3503 (25) was used as the template for mutagenesis, and oligonucleotides used were as follows: S154A (ISP), CCCTGCCA-CGGAGCGCACTACGACAGT; Y156W (ISP), CACGGATCGCACTGG-GACAGTGCCGGCCGTA; and S154A/Y156F (ISP), TTCTGCCCC-TGCCACGGAGCGCACTTCGACAGTGCCGGCCGTAT.
A plate-mating procedure (25) was used to mobilize the pRKDfbcF m BC H Q plasmid in Escherichia coli S17-1 cells into R. sphaeroides BC17 cells as previously described (9) . Growth of E. coli cells and plasmid-bearing R. sphaeroides cells were carried out as previously described (9) . The identity of the mutations was confirmed by DNA sequencing before and after photosynthetic or semi-aerobic growth of the cells, as described previously (9) . Mutant cytochrome bc 1 was purified as described by Xiao et al. (9) .
Determination of Enzyme Activity and Redox Potential of the 2Fe-2S Cluster in Mutant cyt bc 1 -The cyt bc 1 activity was determined in an assay mixture containing 100 mM of Na ϩ /K ϩ phosphate buffer, pH 7.4, 300 M of EDTA, 100 M of cyt c, and 25 M of Q 2 H 2 at 23°C using the method described by Xiao et al. (9) . cyt bc 1 complexes containing partially reduced cyt c 1 were prepared by mixing complexes containing fully reduced and fully oxidized cyt c 1 in 20 mM Tris-Cl buffer, pH 8.0, containing 200 mM NaCl and 0.01% dodecyl maltoside. The concentration of cyt c 1 in the partially reduced complex was adjusted to 10 M in the pH 8.0 buffer. The His-tagged bc 1 complex with fully oxidized, or reduced cytochrome c 1 was obtained by addition of K 3 Fe(CN) 6 or sodium ascorbate, respectively, followed by passage through the nickel-nitrilotriacetic acid column to remove excess oxidant or reductant. The redox status of heme c 1 and the 2Fe-2S in the partially reduced wild-type and mutant complexes were determined as previously described (9) . Reduction of cytochrome c 1 was followed by measuring the increase of the ␣ absorption (553-545 nm) in a Shimadzu UV2101 PC spectrophotometer. Reduction of 2Fe-2S was followed by measuring the negative circular dichroism peak, at 500 nm, of partially reduced complex minus fully oxidized complex in a JASCO J-715 spectropolarimeter (26 -28) . The same samples were used for the absorption and circular dichroism measurements. Instrument settings for the spectropolarimeter were: scan speed, 100 nm/min; step resolution, 1 nm; accumulation, 10 traces for averaging; response, 1 s; bandwidth, 1.0 nm; sensitivity, 10 millidegrees; and slit width, 500 m. The redox potentials of 2Fe-2S were calculated from the redox states of heme c 1 and 2Fe-2S, at pH 8.0, using 280 mV for the midpoint redox potential of heme c 1 (29) .
Flash Photolysis Experiments-Transient absorbance measurements were obtained by flash photolysis of 300-l solutions in a 1-cm quartz semi-microcuvette. A Phase R model DL1400 flash lamp-pumped dye laser containing coumarin LD490 was used to generate an excitation flash at 480 nm for a duration of Ͻ0.5 s. The detection system has been previously described by Heacock et al. (30) . Samples typically contained 5 M R. sphaeroides bc 1 complex and 20 M Ru 2 D in 20 mM sodium borate or Tris-Cl buffer with 0.02% lauryl maltoside. All photooxidation samples contained 5 mM of the sacrificial electron acceptor, [Co(NH 3 ) 5 Cl] 2ϩ . About 10 M of the synthetic quinol, Q 0 C 10 Br, was used to initially reduce the bc 1 complex. To regenerate reduced quinol throughout the flash experiments, 1 mM succinate and 50 nM SCR were included. Redox mediators included p-benzoquinone (⑀ m ϭ ϩ280 mV) and TMPD (⑀ m ϭ ϩ275 mV) used in concentrations of 10 and 2 M, respectively. The temperature dependence data was fitted by Equations 1-3 using the Marquardt-Levenberg nonlinear regression algorithm in SigmaPlot. The error for each parameter reported is the asymptotic standard error representing 95% confidence limits given by the algorithm. is a strong oxidant and oxidizes cyt c 1 within 1 s as indicated by the rapid decrease in absorbance at 552 nm (Fig. 2) . The sacrificial electron acceptor [Co(NH 3 ) 5 Cl] 2ϩ was present in the solution to oxidize Ru II * and/or Ru I . The mechanism of cyt c 1 oxidation may involve either pathway shown in Scheme 1. Subsequent reduction of cyt c 1 by 2Fe-2S is biphasic with rate constants of 80,000 and 1,200 s Ϫ1 at pH 9.0, as indicated by the increase in absorbance at 552 nm ( Fig. 2 and Scheme 2). The fast phase has been assigned to electron transfer from 2Fe-2S to cyt c 1 , whereas the slow phase is due to electron transfer from QH 2 to oxidized 2Fe-2S, which then reduces cyt c 1 ( Fig. 2 ) (12) . Both phases of cyt c 1 reduction are completely inhibited by addition of the Q o inhibitor stigmatellin, which strongly binds reduced 2Fe-2S in the b state and prevents electron transfer to cyt c 1 .
RESULTS

Effects of pH and Redox State on Electron
To further investigate the factors affecting the fast phase of cyt c 1 reduction in the bc 1 complex, studies were conducted in the presence of various mediators to control the redox states of the metal centers in cyt bc 1 . The possible redox states of 2Fe-2S and cyt c 1 are shown in Scheme 3. Only the state with both 2Fe-2S and cyt c 1 initially reduced would be active in the flash photolysis experiments described here. When a minimum amount of QH 2 (10 M) was added in the presence of the redox mediator p-benzoquinone at pH 9.0, the reduction of cyt c 1 after the first flash was biphasic with rate constants of 80,000 s Ϫ1 and 1,200 s Ϫ1 . The absorbance showed that cyt c 1 was fully reduced, and cyt b H was partially reduced before photooxidation. The amplitudes of both the fast and slow phases of cyt c 1 reduction decreased with subsequent laser flashes until the transient changed to a step function indicating photooxidation of cyt c 1 with no subsequent re-reduction (Fig. 3) . Absorption spectra recorded immediately before and after loss of the fast phase indicated that cyt c 1 remained 70 -95% reduced while cyt b H was completely oxidized. The redox potential of 2Fe-2S is lower than that of cyt c 1 at pH 9.0, and 2Fe-2S will be oxidized before cyt c 1 during successive photooxidation flashes, accounting for the loss of the fast phase of cyt c 1 reduction. When ascorbate was used to reduce 2Fe-2S and cyt c 1 in the presence of p-benzoquinone, the fast phase of cyt c 1 was observed with the same rate constant as in the presence of excess QH 2 . cyt b H was fully oxidized before the flash, and the absence of a slow reduction phase for cyt b H at 562 nm indicated that the quinol pool remained oxidized. Addition of the inhibitor myxothiazol did not affect the rate constant of the fast phase of electron transfer from 2Fe-2S to cyt c 1 in the presence of ascorbate or quinol.
The driving force for the electron transfer reaction between 2Fe-2S and cyt c 1 changes significantly over the pH range 7.0 -9.5, because the redox potential of 2Fe-2S is pH-dependent whereas that of cyt c 1 is not (27) . The redox potential of R. sphaeroides 2Fe-2S decreases from ϩ300 to ϩ200 mV as the pH is increased from pH 7.0 to 9.5 (27) . The kinetics of cyt c 1 reduction were measured over the pH range 7.0 -9.5 in the presence of succinate and SCR to regenerate reduced quinol and maintain 2Fe-2S and cyt c 1 in the fully reduced state. The rate constant for the fast phase of cyt c 1 reduction has a very small pH dependence over the range pH 7.0 -9.5 (Fig. 4) . In the semiclassical theory developed by Marcus (31) , the rate constant for nonadiabatic electron transfer is controlled by the driving force ⌬G 0 Ј, the reorganization energy , and the electronic coupling H AB between the two redox centers,
where R is the gas constant and T is the temperature. The Electron Transfer from the Rieske Protein to Cytochrome c 1electronic coupling term H AB has been found to decrease exponentially with distance in a broad range of biological systems, and a simplified Equation can be used (32) ,
where r is the distance between the closest macrocycle atoms in the two redox centers, the van der Waals contact distance r o is usually assumed to be 3.6 Å, ␤ is taken to be 1.4 Å Ϫ1 , and the nuclear frequency k o is 10 13 s Ϫ1 (32). Equation 2 was used to calculate the rate constant for the fast phase of electron transfer from 2Fe-2S to cyt c 1 , assuming that the nuclear reorganization energy is 1 eV (33) and the distance r between the 2Fe-2S ligand His-161 and the closest heme c 1 macrocycle atom is 10.6 Å. The driving force (⌬G 0 Ј) of the reaction was based on the midpoint potential of the 2Fe-2S center at different pH values and the midpoint potential of cyt c 1 , 280 mV, which is independent of pH (27) . The Marcus theory prediction is in agreement with the experimental rate constant at pH 9.0, but the large pH dependence predicted by Marcus theory is not in agreement with the experimental results.
Effects of Temperature on Electron Transfer from 2Fe-2S to Cyt c 1 -The electron transfer reaction between 2Fe-2S and cyt c 1 was studied as a function of temperature from 0 to 30°C to provide further insight into the mechanism. The fast phase of cyt c 1 reduction decreased significantly with decreasing temperature, as shown in Fig. 5 . The temperature dependence of the rate constant was analyzed by transition state theory using the Eyring equation, where ⌬H ‡ is the activation enthalpy, ⌬S ‡ is the activation entropy, h is Planck's constant, k B is the Boltzmann constant, and R is the gas constant. The best fit of Equation 3 to the data was obtained with ⌬H ‡ ϭ ϩ17.6 Ϯ 1.8 kJ/mol and ⌬S ‡ ϭ Ϫ91.1 Ϯ 5.8 J/mol⅐K (Fig. 5A) . The temperature dependence of the fast phase of electron transfer was also analyzed by Marcus theory Equations 1 and 2. The best fit to Equation 2 was obtained with r ϭ 11.1 Ϯ 0.7 Å and ϭ 0.75 Ϯ 0.09 eV (Fig. 5B) . The driving force, ⌬G 0 Ј, of the reaction was set equal to Ϫ0.035 eV based on the differences in redox midpoint potentials of the protonated 2Fe-2S center and the cyt c 1 heme. The best fit to Equation 1 was obtained with H AB ϭ 1.3 Ϯ 0.6 cm Ϫ1 and ϭ 0.80 Ϯ 0.09 eV (Fig. 5B) .
Mutations Altering the Redox Midpoint Potential of 2Fe-2S-To examine the effect of driving force on the fast phase of electron transfer from 2Fe-2S to cyt c 1 , several mutant cyt bc 1 complexes were prepared with altered 2Fe-2S redox potentials. The Rieske iron-sulfur protein mutants were prepared by sitedirected mutagenesis and expressed and purified as described under "Experimental Procedures." The 2Fe-2S redox potentials of the Y156W, S154A, and S154A/Y156F mutants were found to be 62, 109, and 159 mV lower than that of cyt c 1 , respectively, at pH 8.0 and 25°C (Table I ). The 2Fe-2S redox potential of wild-type cyt bc 1 was the same as that of cyt c 1 at pH 8.0. The steady-state enzymatic activities of these mutants were 23%, 9%, and 1% that of wild-type cyt bc 1 , respectively (Table  I) . However, the rate constants for the fast phase of electron transfer from 2Fe-2S to cyt c 1 were not greatly affected by these mutations. The rate constant of the Y156W mutant was 150,000 s Ϫ1 compared with 80,000 s Ϫ1 for wild-type cyt bc 1 , whereas the rate constants of the S154A and A154A/Y156F mutants were nearly the same as that of wild-type (Table I) . The slow phase of reduction of cyt c 1 and cyt b H due to electron transfer from QH 2 to 2Fe-2S was too slow to measure accurately by the ruthenium method for these mutants. The increase in driving force for electron transfer from 2Fe-2S to cyt c 1 by 62-159 mV for these mutants would be expected to increase the rate constant of the fast phase by 3-to 17-fold according to the Marcus theory in Equation 2 (Table I) . It is apparent that the fast phase of electron transfer from 2Fe-2S to cyt c 1 is not rate-limited by true electron transfer.
DISCUSSION
Kinetic characterization of the electron transfer reactions involving cyt bc 1 has proven to be a formidable task, because the rate constants are so large. The cyt bc 1 electron transfer reactions have been studied extensively in chromatophores from R. sphaeroides and R. capsulatus using a light flash to initiate the electron transfer cycle (13, 16, 19, 20) . The time resolution of this technique is limited by the diffusion of photooxidized cyt c 2 from the reaction center to cyt bc 1 , which has a rate constant of about 5000 s Ϫ1 (19, 20) . The rate constant for electron transfer from quinol to 2Fe-2S in the Q o site was found to be 1650 s Ϫ1 using this method, whereas electron transfer from 2Fe-2S to cyt c 1 was estimated to be greater than 10 5 s
Ϫ1
(20). Very recently, the electric field generated by the reaction center in R. sphaeroides chromatophores was found to induce electron transfer from cyt b H to cyt b L with a half-time of 0.1 ms, establishing the rate constant for this important reaction (34) . We have developed a ruthenium photoexcitation method to study intracomplex electron transfer of cyt c with cyt b 5 , cyt c peroxidase, cyt c oxidase, and cyt bc 1 (35) (36) (37) (38) . The rate constant for intracomplex electron transfer between cyt c and cyt c 1 was determined to be 60,000 s Ϫ1 by this method (38) . The development of a binuclear ruthenium complex to rapidly photooxidize cyt c 1 has allowed measurement of the rate constant for electron transfer from 2Fe-2S to cyt c 1 to be 80,000 s Ϫ1 in the R. sphaeroides cyt bc 1 complex (12) . The rate constant for electron transfer from quinol to 2Fe-2S in the Q o site was found to be 1200 s Ϫ1 by this technique, in good agreement with flash photolysis studies in chromatophores (20). Here we report the effects of pH, temperature, and driving force on electron transfer between 2Fe-2S and cyt c 1 using the ruthenium flash photolysis technique.
Electron transfer from 2Fe-2S to cyt c 1 was studied in an attempt to elucidate some of the factors controlling the conformational states of the Rieske iron-sulfur protein required for efficient reduction of cyt c 1 . The amplitude of the fast phase of cytochrome c 1 reduction is maximal in the presence of reduced QH 2 to maintain 2Fe-2S and cyt c 1 in the reduced state. As QH 2 is oxidized by successive laser flashes, the amplitude of the fast phase decreases as 2Fe-2S and cyt c 1 become partially oxidized. Addition of ascorbate restored the fast phase of electron transfer from 2Fe-2S to cyt c 1 , even when no reduced quinol was present and cyt b H was fully oxidized. Furthermore, addition of myxothiazol did not affect the rate constant of the fast phase. X-ray diffraction studies of the bovine enzyme indicate that binding myxothiazol to the Q o site decreases the fraction of Rieske iron-sulfur protein in the b state (7). The present results suggest that the fast phase of electron transfer may only involve Rieske iron-sulfur protein that is initially in the c 1 state or is undergoing rapid conformational changes between an ensemble of states involving the free state and the c 1 state.
The role of the 2Fe-2S ligand His-161 in electron transfer from quinol to 2Fe-2S has been extensively investigated (27, 39 -41) . The pH dependence of the redox potential of 2Fe-2S has been interpreted as shown in Scheme 4. His-161 has a very high pK value when the iron-sulfur center is reduced and is fully protonated up to pH 9.5. However, His-161 has a pK a of 7.5 when the iron-sulfur center is oxidized (27, 41) . The redox potential of the iron-sulfur center is ϩ315 mV when His-161 is protonated at low pH and decreases as His-161 is deprotonated at higher pH (27) . Electron transfer from quinol to 2Fe-2S in the Q o site is coupled to proton transfer from quinol to unprotonated His-161, accounting for the pH dependence of the reaction (27, 39 -41) . However, much less is known about the deprotonation of the His-161 ligand after Rieske iron-sulfur protein rotates to the c 1 state and reduces cyt c 1 . If electron transfer from 2Fe-2S to cyt c 1 is coupled to deprotonation of the b ⌬E m is the difference in redox potential between 2Fe-2S and cyt c 1 at pH 8.0, 25°C. c k 1 is the experimental rate constant for electron transfer from 2Fe-2S to cyt c 1 at pH 8.0, 25°C.
d Theoretical rate constant for electron transfer calculated from Equation 2 with r ϭ 9.9 Å, ϭ 1.0 eV, and ⌬G 0 calculated from the ⌬E m value of the mutant cyt bc 1 .
SCHEME 4
Electron Transfer from the Rieske Protein to Cytochrome c 12Fe-2S His-161 ligand, then a large dependence on pH would be predicted. Using the equilibrium pH-dependent redox potential of the iron-sulfur center (27) to calculate the driving force ⌬G 0 , Marcus theory predicts the pH dependence as shown in the dashed line of Fig. 4 . However, very little pH dependence was observed for the fast phase of electron transfer from 2Fe-2S to cyt c 1 (Fig. 4) , indicating that the reaction is not rate-limited by deprotonation of His-161. Two possible explanations for the small pH dependence of the rate of cyt c 1 reduction will be considered. The first explanation is that proton release occurs after the rate-limiting electron transfer step in the mechanism of Scheme 4 and does not affect the rate constant. In this case the driving force used in the Marcus equation should be calculated from the redox potential of the protonated form, ϩ315 mV, which is independent of pH. With this assumption, Marcus theory is in good agreement with the experimental pH dependence of the rate constant, using an r value of 9.4 Å (Fig. 4) . The second explanation is that the observed rate of reduction of cyt c 1 is not limited by electron transfer at all but, rather, is limited by conformational gating (42, 43) . This would require that dynamic fluctuations, in the conformation of the Rieske iron-sulfur protein between an electron transfer-active c 1 state and other inactive states, control the observed rate of reduction. It is not possible to distinguish between the two explanations suggested above on the basis of the pH dependence studies alone.
Temperature dependence studies are useful in determining whether electron transfer is rate-limited by conformational gating or by an actual electron transfer step (43) . The temperature dependence of the rate constant for electron transfer from 2Fe-2S to cyt c 1 is in good agreement with the predictions of Marcus theory for electron transfer (Fig. 5) . The value of the reorganization energy obtained from fitting Equation 2 to the data of Fig. 5 is 0.75 eV, which is in the range expected for electron transfer between an iron-sulfur protein and a cytochrome (31) (32) (33) . The fitted value of r, 11.1 Å, is quite reasonable for the distance between the Rieske iron-sulfur center and the cyt c 1 heme in the c 1 state (4 -7). Moreover, the value of the electronic coupling constant H AB , 1.31 cm Ϫ1 , obtained by fitting Equation 1 to the data is consistent with a nonadiabatic electron transfer mechanism (31, 43) . However, the activation parameters ⌬H ‡ ϭ ϩ17.6 kJ/mol and ⌬S ‡ ϭ Ϫ91.1 J/mol⅐K obtained by fitting the temperature dependence data with the Eyring transition state theory are also compatible with a conformational gating mechanism (42, 43) . Thus, it is not possible to distinguish between the two mechanisms for the reaction from the temperature dependence studies.
One of the most useful methods for characterizing electron transfer reactions is by measuring the effect of driving force on the rate constant (31, 32) . If the reaction is controlled by a true electron transfer step, then the rate constant should depend on the driving force according to Equation 2. The effect of driving force on electron transfer in yeast cyt bc 1 has been studied using the Rieske iron-sulfur protein mutants Y185W, S183A, and Y185F/S183A, which have 2Fe-2S redox potentials that are lower than that of wild-type bc 1 by 90, 130, and 180 mV, respectively (44) . The decrease in redox potential of the mutants is presumably due to removal of the hydrogen bonds between the hydroxyl group of Ser-183 and S-1 of the 2Fe-2S cluster and the hydroxyl group of Tyr-185 and S␥ of Cys-159 (Fig. 6 ). These yeast mutations decrease the steady-state enzyme activity to 30%, 10%, and 2% that of wild-type, respectively, consistent with decreases in the rate of the reaction between QH 2 and 2Fe-2S due to decreases in driving force (44) . Mutation of the homologous residues in the P. denitrificans Rieske iron-sulfur protein led to similar decreases in redox potential and steady-state activity (45) . Guergova-Kuras et al. (39) found that the Y156W mutation in the Rieske iron-sulfur protein of R. sphaeroides cyt bc 1 decreased the redox potential by 114 mV at low pH, and increased the pK of the 2Fe-2S ligand His-161 by 1 pH unit. The rate constant for electron transfer from quinol to 2Fe-2S was decreased to 7% that of wild-type by the Y156W mutation, suggesting that this reaction is controlled by proton-coupled electron transfer. In the present studies, the redox potentials of the Y156W, S154A, and S154A/ Y156F R. sphaeroides mutants were decreased by 62, 109, and 159 mV, respectively, at pH 8.0 compared with that of the wild-type Rieske iron-sulfur protein. 2Fe-2S and cyt c 1 have the same redox potential in wild-type cyt bc 1 at pH 8.0, so the above mutations will significantly increase the driving force for electron transfer from 2Fe-2S to cyt c 1 . Based on Marcus theory calculations using Equation 2, these mutations would be predicted to increase the rate constant for electron transfer from 2Fe-2S to cyt c 1 by 3.3-, 8-, and 17-fold, respectively (Table I) . The absence of a significant correlation between the rate constants and the driving force for these mutants indicates that the reaction is not rate-limited by the actual electron transfer event. The discrepancy between the prediction of Marcus theory and the experimentally determined rate constants of the mutants cannot be accounted for by using different values for the Marcus parameters. Changing the value of r simply changes the predicted rate constants of all the mutants by the same amount, whereas changing the value of over a reasonable range of 0.7-1.0 eV has a very small effect on the relative rate constants. The larger rate constant for the Y156W mutant is probably due to a subtle conformational effect.
Taken together, the effects of temperature, pH, and driving force indicate that the electron transfer reaction from 2Fe-2S to cyt c 1 is not rate-limited by true electron transfer but, rather, by some type of dynamic fluctuation in the conformation of the Rieske iron-sulfur protein. If the fluctuations are rapid compared with the rate of electron transfer in an "active" c 1 state, then the observed rate constant is k obs ϭ fk et , where f is the fraction of molecules in the active c 1 state and k et is the true rate of electron transfer in the c 1 state (43) . In this case electron transfer is said to be "conformationally coupled." A recent molecular dynamics simulation suggested that conformational changes in the Rieske iron-sulfur protein from the b state to the c 1 state may occur within 1 ns, which is consistent with the rapid fluctuation model (46) . However, the observed rate constant in the conformational coupling case should be affected just as much by changes in the driving force as the true rate of electron transfer, k et (43) . Therefore, it appears that electron transfer from 2Fe-2S to cyt c 1 is "conformationally gated." In this case, if the fluctuations are slow compared with electron transfer in the active c 1 state and the population of the c 1 state is small, then the observed rate constant is limited by the rate of the fluctuations and there will be no dependence on the driving force (42, 43) . One requirement for this mechanism is that the rate constant for electron transfer in the active c 1 state must be much larger than the observed rate constant. The active c 1 state may be represented by the bovine P6 5 22 crystal structure reported by Iwata et al. (6) , in which the N⑀2 nitrogen of His-161 forms a hydrogen bond with the heme c 1 propionate oxygen, with a separation of 2.96 Å (Fig. 6 ). This provides a direct pathway for electron transfer from the 2Fe-2S center to the edge of the heme c 1 macrocycle with just four covalent bonds and one hydrogen bond between the His-161 nitrogen and the heme c 1 C3D atom (Fig. 6) . The distance from the His-161 N⑀2 nitrogen to the heme c 1 macrocycle atom C3D is 7.8 Å (Fig. 6 ). This distance is somewhat larger (8.2 Å) in the bovine P6 5 22 structure reported by Zhang et al. (5) . The rate constant was calculated from the Marcus equation (Equation 2) to range from 1.5 ϫ 10 6 to 3 ϫ 10 7 s Ϫ1 assuming r ϭ 7.8 Å and values between 1.0 and 0.7 eV. Therefore, it appears that the rate constant for electron transfer in the active c 1 state could be considerably faster than the observed value of 8 ϫ 10 4 s Ϫ1 . The conformational gating mechanism also requires that the population of the active c 1 state be small. Crystal packing forces in the P6 5 22 crystals may constrain the Rieske iron-sulfur protein into a position closer to cyt c 1 than the average position in solution (5, 6) . It is significant that the distance between 2Fe-2S and heme c 1 is considerably larger in chicken bc 1 crystals (14.4 Å) (5) , and most of the Rieske iron-sulfur protein appears to be conformationally mobile in the bovine I4 1 22 crystals (4). The present studies indicate that the experimental rate constant of 80,000 s Ϫ1 is governed by the rate of fluctuations between one or more conformations that are inactive in electron transfer and an active c 1 state with a low occupancy. It is not known whether these fluctuations involve the whole ensemble of conformations ranging from the b state to the c 1 state or a smaller ensemble of conformations including the free state and the active c 1 state. It is interesting that a much slower rate of electron transfer from 2Fe-2S to cyt c 1 was observed in pH jump stopped-flow experiments involving R. sphaeroides cyt bc 1 (9) . The slower rate of electron transfer observed in the pH jump experiments might be rate-limited by a conformational change from the b state to the c 1 state, whereas the fast rate observed in the ruthenium experiments is associated with fluctuations in an ensemble of conformations, including the free state and the active c 1 state.
